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ABSTRACT. The HIV-1 nucleocapsid protein (NC) functions as a nucleic acid chaperone during the plus-
strand transfer step in reverse transcription by facilitating annealing of the primer binding site (PBS)
sequence in the short plus-strand strong-stop DNA fragment3SDNA] to a complementary site located
near the 3end of the minus-strand DNA ) PBS DNA]. To investigate the mechanism by which NC
performs this function, we have prepared an 18-nucleotidePBS DNA for nuclear magnetic resonance
(NMR) based structural and NC binding studies. Th¢ PBS DNA forms a stable hairpi ~ 42 +

5°C) that contains a five-residue loop and a bulged thymine in a guaresjtesine-rich stem. Addition

of substoichiometric amounts of NC results in significant broadening and reductions in NMR signal
intensities of the WatsonCrick base-paired imino protons and a reduction by°20in the upper
temperature at which the imino proton signals are detectable, consistent with destabilization of the structure.
The results suggest that inefficient annealing in the absence of NC may be due to the intrinsic stability
of an internal ) PBS DNA hairpin and that NC facilitates strand transfer by destabilizing the hairpin
and exposing stem nucleotides for base pairing with the PBS sequentg 8SPNA.

The genomes of all retroviruses encode a Gag polyproteinin the recognition and packaging of the viral genome (see
that is produced in the infected cell during the late stages of ref 6 and references therein) and also appear to be important
the infectious cycleX). Approximately 1500 copies of Gag for virus particle formation, 8) and placement of the tRNA
associate at the cell membrane and bud to form an immaturereverse transcription primer [tRNA3 for HIV-1 (1)] at the
viral particle @). Concomitant with budding, the Gag primer binding site (PBS) in genomic RNA<{11). After
polyproteins are cleaved by the viral protease to produce theproteolytic cleavage, the mature nucleocapsid proteins form
viral structural proteins. In the case of human immunode- a ribonucleoprotein complex that stabilizes the genomic RNA
ficiency virus type 1 (HIV-1) these include matrix (MA,  dimer in the mature virusl{ 12; see also ref43—16).
pl7), capsid (CA, p24), p2, nucleocapsid (NC, p7), pl, and After viral entry, a linear, double-stranded DNA copy of
p6 proteins 8—5), which rearrange during a process called the viral RNA genome is synthesized by the virion-associated
maturation to form the infectious virus particl&) ( reverse transcriptase (RT) enzyme via a process that is also

The nucleocapsid proteins play important roles in several dependent on NC. RT-dependent DNA synthesis proceeds
stages of the retroviral replication cycle. Prior to proteolytic via a multistep process that involves two strand transfer
cleavage, the NC domains of the Gag polyproteins participateevents {7—20) (Figure 1). Previous studies have shown that
NC facilitates the HIV-1 minus- and plus-strand DNA
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1. R_US PBS PPT U3 R The mechanism by which NC facilitates strand transfer
—— during reverse transcription is not known but may be
rous generally related to the protein’s intrinsic nucleic acid
Minus-Strand Transfer chaperone activity. Thus, the NC protein has been shown to
be capable of unwinding tRNA3B, 34), facilitating the
2 - B PPT U3 R renaturation of complementary DNA stran@) and DNA
m strand exchange86), promoting annealing in minus-strand
() DNA (24, 27, 28, 32, 79) and plus-strand?®, 79) transfer, inducing
maturation of the dimeric RNA genomd(; 13, 15, 16),
reducing RT pausing during strand elongati8i-<39), and
Pﬁ(&D:AlBPBS promoting annealing of the tRNA primer to the PBS
3. - — sequence 10, 40—48). It has been suggested that NC
< promotes these activities because it can induce the transient
pos ()DNA  ppt u3 r uS unpairing of the bases within a chain, to allow alternative,
more stable combinations of base pairs to fo6, 49).
Plus-Strand Transfer Interestingly, several groups have reported that a number
of other nucleic acid binding proteins are unable to substitute
R for NC in the tRNA unfolding 83), tRNA—PBS annealing
4 us us (32, 50), and minus-strand transfe2®) reactions that occur
S us PBs during reverse transcription. In contrast, however, NC

pbs interacts with a variety of viral and nonviral nucleic acid
sequences and can catalyze the hybridization of comple-
mentary RNA-RNA, RNA—DNA, and DNA-DNA se-
quences 4, 27—-29, 32, 35, 50, 79).

The structure of the HIV-1 NC protein has been deter-
mined both free in solution3d, 51—53) and bound specif-
ically to stem-loop recognition elements of th#-RNA
packaging signalq4, 80), revealing substantial changes in
the conformation and dynamics of the protein and RNA upon
binding. HIV-1 NC contains two conserved “zinc knuckle”
domains (Cys-%Cys-Xs-His-X4-Cys; X = variable amino

6. USR U6 PBS PPT U3 R U

ud r u5 pbs ppt u3 r ub

Ficure 1: Schematic diagram illustrating the steps in reverse

transcription. (Reaction 1) Reverse transcription is initiated by a _ . - s .
cellular tRNA primer. The 318 nucleotides of the tRNA are  acid) that bind specifically to exposed guanosine nucleobases

annealed to the primer binding site (PBS) near therfil of viral in the RNA loops, as well as a stretch of basic residues in
RNA. Reverse transcriptase catalyzes extension of the primer; thisthe N-terminal tail that interact with the RNA phosphodiester
:g;‘;g? Egﬁg&‘gﬁ‘gﬁmnsi(fuz’\‘é“’\'lxvg'ggu%%”ctg;n?u% )Co(%yeg‘;ttig% groups. These studies provided insights into the mechanism
2) As (—) SSDNA is_ being synthesized, the RNase H activity of of _sequence-spe(_:lflc NERNA |_nteract|0ns, as WeI(I) as a
RT degrades the’&/iral RNA sequences that have been reverse rationale for the high conservation of more than 50% of the
transcribed. Transfer of) SSDNA (with the tRNA primer still HIV-1 NC amino acids. The structures of a short DNA
attached) to the '3end of viral RNA (minus-strand transfer) is  fragment (JACGCC) bound to the isolated N-terminal zinc
facilitated by annealing of the complementary R regions-) ( knuckle of HIV-1 NC 65) and to the intact NC proteirs6)

SSDNA and viral RNA. (Reaction 3) As minus-strand DNA is a . .
elongated, genomic RNA sequences are degraded by RNase H, anélISO revealed an affinity of the zinc knuckle domains for

plus-strand DNA synthesis is initiated by the polypurine tract (PPT) guanosine.

pn?ers RT COF|>|leS thhe TgIUS-Sltfar!g UnquﬁSGI%;Je?CﬁS (lé’o;\)l,Ar. Although information regarding the structural determinants
and u5, as well as the 18 nucleotides at ther®d of the t f genome r nition NC is ar Il ing reveal
primer; this reconstitutes the PBS. RNase H removes the PPT and.0 gehto 'et (%[cr:]og tcl) bly ¢ shg qdua Y fb(la\Inge eaded,t
tRNA primers (not shown). (Reaction 4) Transfer &f)(SSDNA INSIgts Into theé molecuiar mechanisms of NL.-deépenden
to the 3 end of minus-strand DNA (plus-strand transfer) is Strand transfer and chaperone activities remain poor, at best.
facilitated by annealing of the complementary PBS sequences atln the present study, NMR methods have been employed to
the 3 termini of (+) SSDNA and minus-strand DNA. The two  jnvestigate the structure of the 18-nucleotide minus-strand
DNA strands circularize during the transfer event, and dl_splacement(_) PBS DNA and the nature of its interactions with NC.
synthesis follows. (Reaction 5) Elongation of plus- and minus-strand The (—) PBS DNA f ble stef d
DNAs results in formation of a linear double-stranded DNA with e_(_ ) orms a stable stefoop structure, ah

a long terminal repeat (LTR) at each end. Minus-strand and plus- addition of NC leads to NMR spectral changes consistent
strand DNA sequences are in lower and upper case letters,with a reduction in stability, or an increase in conformational
respectively. Viral RNA is shown in red~) strand DNA in blue, |apijlity, of the DNA stem-loop. These studies suggest that

(+) strand DNA in green, and tRNA in orange. The two strand P _ i
transfer events are indicated with a blue arrow (minus-strand NC facilitates the plus-strand transfer event by destabilizing

transfer) and a green arrow (plus-strand transfer). The dashed re®" Otherwise stable—) PBS DNA internal stemloop

lines represent RNase H cleavage of viral RNA sequences. Thestructure.
diagram is adapted from Telesnitsky and Gaf8)(

MATERIALS AND METHODS

event requires annealing of the complementary 18-nucleotide Protein and DNA Sample Preparatio—) PBS DNA
PBS sequences at theeéhds of the plus- and minus-strand used for NMR experiments T8l(Gua-Thy-Cyt-Cyt-Cyt-Thy-
DNA molecules (Figure 1). Gua-Thy-Thy-Cyt-Gua-Gua-Gua-Cyt-Gua-Cyt-Cyt-Ade)] was
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obtained from Oligos Etc. Inc. (Wilsonville, OR); the DNA  upper limit restraints of 1.80 and 1.89 A, respectively, for
oligonucleotide was purified by the company using an HPLC the GuaH*CytN3, GuaH21CytO2, and GuaO6CytH41
chromatographic procedure that yields a product with greater distances, and lower and upper limit restraints of 2.90 and
than 90% purity. The lyophilized DNA for NMR analysis 3.00 A, respectively, for the GuaNICytN3, GuaN2-
was resuspended in either® or 2H,O (99.9%, Isotech).  CytO2, and GuaO6CytN4 distances. Loose torsion angle
The concentration of DNA used for the NMR experiments restraints were used for the DNA phosphodiester groaps (
was approximately 2 mM. Recombinant NC protein samples between—115 and —15°, 5 between 12% and 225, y
[corresponding to the HIV d4—zisolate 67)] were prepared  between 20 and 120, ¢ between—220° and —12C,
and purified as describe83, 54). The zinc content (2 equiv  between—15C> and —50°) in order to maintain reasonable
of Zn per NC protein) was established by 1B NMR and phosphodiester torsion angles and allow sampling of both
mass spectrometry. A and B helical conformation${). Structures were analyzed
Electrophoresis Measuremenihe oligomerization state  and figures produced with the Midag8), Molscript 69),
of the (=) PBS DNA oligonucleotide was analyzed by gel and Setor 70) software packages.
electrophoresis under nondenaturing conditions (12% poly-
acrylamide). A 2uL sample of the £) PBS DNA (~0.2 RESULTS AND DISCUSSION

I I 0,
mM) was mixed with 2uL of 50% glycerol and then loaded The () PBS DNA Oligonucleotide Is Monomerion-

onto the gel. TBE buffer §6) was used as the running denaturing gel electrophoresis experiments were performed

solution. Samples of the 19-nucleotide RNA hairpin SL2, J I+ X . :
the 20-nucleotide RNA hairpin SL3, and a 50-nucleotide to determine if the ) PBS DNA ollgonuclgqtlde exists as
a monomer or duplex under the conditions employed.

construct containing both the SL2 and SL3 sequences fromInCIuded on the gel as size standards were samples of the

the HIV-1 encapsidation site were electrophoresed in neigh- RNA stem loops SL2 (19 nucleotides), SL3 (20 nucleotides),

boring lanes to provide size/molecular weight comparisons. ;
NMgR Spectropscopy\lMR experiments w%re perf%rmed and SL2-3 (50 nucleotides) from the HIVIE-RNA packag-
’ ing signal, which were shown previously to form monomeric

using Bruker DMX 600 MHz and GE Omega PSG 600 MHz stem-loop structures34, 71, 81). The 18-nucleotide)

NMR spectrometers equipped with triple or singlaxis . y .
: i : : PBS DNA migrated slightly faster than the 20-nucleotide
1H R m
gradient capabilities:H NMR assignments were obtained SL3 and 19-nucleotide SL2 RNA and much faster than the

from a combination of two-dimensional homonuclear clean- ; o
TOCSY (9) and NOESY (mixing timez, = 200 ms) 60) 5(_)—nuc|eot|d§ SL.2—3 RNA, |nd|cat||jg that the Y PBS DNA
oligonucleotide is also monomeric (data not shown). In

experiments recorded in 99.9%4,0 at 25°C. A NOESY I 1

experiment (mixing timezy, = 200 ms) with the DNA in addltlon, th? H NMR spectrgm of the {').PBS DNA

90% H,0/10%2H,0 at 5°C was also collected, with water ollgonuclec_mde exhibited a single set of S|g_nals over the
’ concentration range 0-2.0 mM, consistent with the pres-

suppression achieved through the use of the WATERGATE ence of a single monomeric species. These data indicate that

sequenceqdl). A natural abundanciH—13C HMQC experi- a : 7 ;
ment was used to unambiguously identify the adenosine H2the (-) PBS DNA is monomeric in solution and does not
form a duplex under the conditions employed.

signal 62). One-dimensionatH NMR experiments of the X ) .
(—) PBS DNA in 90% HO/10%2H,0 were collected at 5 H NMR Assignment o) PBS DNAComplete assign-
°C in the absence and presence of HIV-1 NC (DNA:NC Ments for the nonexchangeable base hydrogen and deoxyri-
ratios of 1:0.1, 1:0.5, and 1:0.9) using a binomial pulse train Pose¢ H1 HZ, and H2' signals, and nearly complete

for water suppressiors8). NMR spectra were processed and assignments of the remaining deoxyribose protons, were
analyzed with the NMRPipe6#) and NMRView ©5) obtained by analysis of standard connectivities observed in
software packages, respectively. the 2D NOESY and TOCSY spectrad). A selected portion

DNA Melting ExperimentsAn estimate of the melting of a 2D NOESY spectrum showing s_equential co_nnectivities
temperature of the) PBS DNA hairpin was obtained by between H6/H8 and His showr_l in F|gur§ 2. Assignments
monitoring the NMR chemical shift changes of the nonex- of QII the exchgngeable protons involved in the four Watson
changeable protons as a function of temperature. One-Crick base pairs except for Cytl4 H41 and H42 were also
dimensionalH spectra of the DNA irfH,O were obtained made. The absence of signals for the Cyt14,Mtbup likely
at temperatures 0f565°C in 5°C steps. The chemical shifts  'eSults from fast proton exchange occurring at the Gual-
of well-resolved signals were plotted against temperature, Cytl4 base pair, consistent with its location at the. base of
with the midpoint of the resulting sigmoidal curve used to the stem and adjacent to the bulged Thy2 nucleotide.
determine the melting point. Plots were obtained for three  Structure of the {) PBS DNA Stem Loopg\n ensemble
well-resolved signals of the DNA stem. Additional melting ©0f 20 structures of the<{) PBS DNA oligonucleotide with
experiments were performed over the same temperature rang@ mean target function of 1.17-0.63) x 102 A2 was
with the sample in 90% pD/10%2H,0 to monitor changes  generated with DYANA using 72 NOE-derived upper limit
in the imino region of the DNA. Melting experiments were distance restraints and hydrogen bond restraints for four Gua-
conducted in both the presence and absence of NC proteinCyt base pairs. Residues of the stem exhibit high convergence

Structure CalculationsStructure calculations were per-  (superposition of all heavy atoms in residues Gual, €yt3
formed using DYANA 66). Distance restraints of 1-8.7, Cyt5, and GualtCytl4 affords pairwise RMS deviations
1.8-3.3, and 1.8-5.0 A were employed for strong, medium, ©f 1.65+ 0.29 A), but residues Thy2, Thy6, Gua7, Thys,
and weak intensity cross-peaks, respectively, observed in thelhy9, and Cyt10 are not as well defined relative to the rest
2D NOESY spectrum. An additional 0.5 A was added for of the structure (Table 1 and Figure 3).

NOEs involving methyl protons. Hydrogen bond restraints  Residues Gual, Cyt3, Cyt4, and Cyt5 form Wats@nick
for each G-C WatsonCrick base pair employed lower and base pairs with residues Cyt14, Gual3, Gual2, and Guall,
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FiGUurRE 2: An expanded region of the two-dimensional homonuclear NOESY spectrum of-)hieBS DNA oligonucleotide in 99.9%
2H,0. This portion of the spectrum shows the NOE walk connecting sequential and intranucleotidadHl16/H8 protons. The lines
drawn show the connectivities used to assign the DNA, for clarity only selected peaks are labeled.

Table 1: Distance Restraints and Structural Statistics for the Final
Ensemble of 20 Structures for the X PBS DNA Hairpin

(A) distance restraints

intraresidue 14
interresidue 58
hydrogen bond 48
total NMR-derived restraints 120
average restraints per refined resitlue 13.7
(B) distance violations
mean total penalty (B (1.17+ 0.63)
x 1073
minimum total penalty ( 0.63x 1078
maximum total penalty ( 250x 1073
(C) pairwise RMSD (A) rel to mean atom positions
base-paired nucleotide@ll heavy atoms) 1.65:0.29
all structured stemloop nucleotides 2.60+ 0.54

(all heavy atoms)

antraresidue and interresidue restraints employed only upper limit
restraints; hydrogen bond restraints employed both upper and lower
limit restraints.? Nucleotides included are GuaCyt14. ¢ Nucleotides
included are Gual, Cy#3Cyt5, and GualZCyt14.9 This does not
include the bulged Thy2 and includes Gual and €yigt14.

Ficure 3: (a) Superposition of the ensemble of 20 refined structures
of the (—) PBS DNA. The bulged nucleotide Thy2 in the stem as

well as the nucleotides in the pentaloop are clearly disordered in
this ensemble of structures. This figure was generated by the

respectively, and exhibit an overall B-helical structure. NOE Superposition of the heavy atoms of the structured residues in the
stem of the molecule, Gual, Cyt&yt5, and GualtCyt14. All

interactions between Gual H8 and Cyt3 H5 and H6, and hydrogen atoms and oxygen atoms of the phosphodiester backbone

between Gual H2and Cyt3 H6, provide evidence that Gual a?e or?witted for clarity. )(/g) Schematic diaFg)]rampof the secondary

and Cyt3 are stacked in a B-helical geometry and that Thy2 structure of the +) PBS DNA.

is not stacked in the DNA stem. In fact, no internucleotide

NOEs were observed for the Thy2 methyl group, providing indicates that portions of the pentaloop contain at least

further evidence that the Thy2 base is looped out of the stemtransient structural elements. NOE interactions between Thy6

and forms a bulge. The position of Thy2 relative to the rest CH3 and Cyt5 H6, and between Thy6 CH3 and Cyt3 H2

of the stem is poorly defined in the structures due to a paucity and H2'(along with the expected Thy6 H&Cyt 5 H1' spin-

of internucleotide NOEs, and it is possible that Thy2 is diffusion cross-peak, Figure 2), indicate that the first nucle-

conformationally mobile. otide in the loop, Thy6, stacks on Cyt5 (Figure 4). The
Nucleotides Thy6, Gua7, Thy8, Thy9, and Cyt10 form a methyl group of Thy8 exhibits NOEs with protons on the

partially ordered pentaloop (Figures 3 and 4). Although it is ribose ring of Gua7 and Gua7 H8, and these NOEs position

not apparent in Figure 3, a self-consistent subset of NOEsthe Thy8 nucleobase near the stem. The methyl group of
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Ficure 5: Destabilization of the-{) PBS DNA stem-loop upon
HIV-1 nucleocapsid protein binding. Shown here are the one-
dimensional'H NMR spectra of the{) PBS DNA focusing on

the imino signals resulting from the four Watse@rick base pairs.
These spectra are of the free DNA (a) and those upon the addition

. ; of NC protein at DNA to protein molar ratios of 1:0.1 (b), 1:0.5
FIGURE 4. Two views of the structure of the-) PBS DNA stem (c), and 1:0.9 (d). The large increase in line widths and decrease

loop having the lowest target function. The top view (a) shows the N intensitv of the sharp sianals in the 423 opm redion in
bulged Thy?2 nucleotide as well as the bases forming the stem. The! dl' e S|hy Ob' d? S ? ﬁ SIIZ?NZEI NC% bplp ?19'% in (@)
bottom view (b) shows the position of the nucleotides in the Mdicate thatbinding ofthe y estabilizes the base pairing

; : ; ; .of the DNA structure. These data provide direct evidence that a
5;?;3',03%%;%ns?r?énseir:eﬁﬁjges are shown in green, thymines Infunction of NC is to destabilize local nucleic acid structure that

could inhibit duplex formation with-{) PBS DNA during reverse
- . . transcription.
Thy9 exhibits numerous cross-peaks with the ribose protons

of Thy8, in addition to cross-peaks with the Gua7 H8,H2  petween 12 and 13 ppm were observed for Gua imino protons
and H1 protons and with Thy8 H6. Also, Thy9 H6 exhibits  jnyolved in Gua-Cyt base pairing in the absence of NC.
cross-peaks with the Gua7 Hproton. These data are gSyccessive titrations of NC to the-Y PBS DNA oligo-
consistent with the pentaloop structure shown in Figure 4, nycleotide resulted in a pronounced broadening of these
in which the nucleobase of Thy9 points across the loop in signals (Figure 5), as well as to a general broadening of the
the direction of Thy6. resolved signals of the nonexchangeable protons. The
The final nucleotide of the pentaloop, Cyt10, exhibits increased line broadening shown in Figure 5 is indicative of
NOEs from its H6 proton to the Thy8 CH3 and H#fotons,  the destabilization of the WatseiCrick base pairs in the
and from its H5 proton to the Thy9 M2lhere is no evidence  stem and clearly demonstrates that NC binding disrupts the
that Cyt10 stacks with Guall. The observed NOEs position structure of the ) PBS stem. Other regions of the NMR
Cyt10 on the inside of the loop, pointing toward Thy6 as spectrum provide direct evidence that the N-terminal zinc
shown in Figure 4. knuckle of NC participates directly in binding. In particular,
Melting Stability of the ) PBS DNA Oligonucleotide in  the appearance of a signal at 0.1 ppm is consistent with
the Absence and Presence of N@ne-dimensional NMR  signals assigned previously to lle24 CHi® protein and
spectra of the{) PBS DNA oligonucleotide were obtained peptide complexes with DNA and RNA oligonucleotides that
as a function of temperature to determine the stability of the contain a guanosiné4, 55). Only one set of NMR signals
hairpin structure. Sigmoidal temperature-dependent chemicalwas observed for the-) PBS DNA oligonucleotide upon
shifts observed for several nucleobase protons revealed &itration with NC, indicating that binding occurs in the fast-
melting midpoint temperature of 42 5 °C (data not shown).  exchange regime of the NMR chemical shift time scale
We were unable to obtain similar thermal melting data (millisecond).
for the DNA in the presence of NC due to severe line  The'H NMR spectra of the WatserCrick imino proton
broadening and signal overlap with the NC protein reso- signals were also monitored as a function of temperature in
nances. However, good quality NMR spectra of the Watson the presence and absence of NC. The maximum temperature
Crick imino protons were obtained in the presence and at which the imino protons of the free-J PBS DNA
absence of NC and were used to investigate the stability of oligonucleotide were visible was 4C. This is only slightly
the stem. As shown in Figure 5, relatively sharp signals lower than the midpoint of the thermal melting transition
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(42 £ 5 °C) and is due to the fact that the imino protons RNA (71); it is precisely these exposed loop guanosines in
exchange rapidly with water protons when the Gua-Cyt basethe SL3 loop that bind to the zinc knuckles of the NC protein
pairs are broken and the imino protons are exposed to solventupon tight, 1:1 complex formatiorb4). Note that Gua7 is
Most importantly, the maximum temperature at which the sandwiched between two thymine residues, and this TGT
imino proton signals were observable for the DNA in the sequence has been previously shown to serve as an optimal
presence of 0.9 equiv of NC was only 20, which reflects binding site for the N-terminal zinc knuckl®%) and also
a 20°C reduction compared to the spectra obtained for the for the intact NC protein{6, 77). Since there is only one
free DNA. As indicated above, signal loss results from rapid guanosine in the loop of the-) PBS DNA oligonucleotide,
exchange of the imino protons with water protons. These the second zinc knuckle domain might bind to a stem
data therefore clearly demonstrate that NC binding destabi-guanosine (possibly Guall, located closest to the loop),
lizes the stem, resulting in an increased exposure of the stemwhich would disrupt the WatsernCrick base pair at the top
imino protons to water. of the stem (Cyt5-Guall) and possibly increase the acces-
Biological Releance The reverse transcription of the sibility of other guanosines for interactions with additional
HIV-1 genome in vivo depends on the presence of the native NC molecules or with the complementary PBS sequence in
NC protein {3—75). As described above, in vitro studies (+) SSDNA.
indicate that the HIV-1 NC protein functions during reverse  An alternate binding model also assumes the interaction
transcription by increasing both the rate and extent of minus- of HIV-1 NC with guanosine nucleobases, but in this model
and plus-strand transfer (Figure 1). The NMR studies the NC protein binds to guanosines during the time in which
presented here focus on the plus-strand transfer event andhe stem opens or “breathes” while it is in equilibrium with
demonstrate that the-) PBS DNA is capable of forminga  an open or duplex conformation. The sensitivity of the imino
stable stentloop structure. Thus, it is possible that inefficient proton signals of the terminal Watseg&rick base pairs to
strand transfer in the absence of NC may be due to thechemical exchange with solvent protons is indicative of
trapping of the {) PBS sequence in a relatively stable stem  “fraying”, which is a common phenomenon, and could easily
loop structure, which prevents its efficient base pairing with facilitate the binding of the NC zinc knuckles. Thus, during
the complementary PBS sequence ih) (SSDNA. Our the brief time a guanosine is unpaired, it is may be
studies demonstrate that NC is capable of destabilizing thesusceptible to being captured by the zinc knuckles of NC.
(—) PBS DNA stem-loop, resulting in the exposure of The adjacent guanosines in the Gua-Cyt base pairs would
nucleotides that were sequestered in the stem. Thus, itthen be more susceptible to unfolding. In both models, the
appears that NC may facilitate strand transfer by destabilizing binding of NC to the {) PBS DNA would make the
the stem and exposing the stem nucleotides for base pairinghucleobases in the stem more accessible to water, giving rise
with the complementaryt) PBS sequence in{) SSDNA. to the observed increase in imino proton exchange rates, and
Because binding occurs in the fast-exchange regime ofwould thus also make the stem nucleotides more accessible
the NMR chemical shift time scale, it was not possible to for forming base pairs with the) PBS sequence inH)
obtain high-resolution structural information for the complex SSDNA. The basic residues of NC associated with the
or complexes that form upon titration of the Y PBS DNA N-terminal tail and the linker peptide that connects the zinc
oligonucleotide with NC. Thus, it is not clear if NC binds knuckles are probably also involved in destabilization of the
to one or more sites on the-§ PBS DNA stem loop or exists ~ stem, and in this regard, future studies ef)(PBS DNA
in one or more rapidly interconverting conformations upon interactions with peptides comprising only the basic segments
binding. However, based on NMR spectral comparisons with or the isolated zinc knuckle domains may shed light on their
data obtained previously for NC protein and zinc knuckle relative contributions to DNA binding and stem destabiliza-
peptide binding to other DNA and RNA oligonucleotides, it tion.
is clear that the NC zinc knuckle domains are direct Itis noteworthy that the binding of HIV-1 NC to the SL3
participants in binding. Previous studies have shown that RNA hairpin at 1:1 stoichiometry does not lead to the
HIV-1 NC preferentially binds guanosine nucleotides via a destabilization of the stem of this moleculed). The SL3
hydrophobic cleft in a zinc knucklé). In the structure of  tetraloop contains a high-affinity NC binding site with two
the HIV-1 NC—SL3 complex, the two exposed guanosines exposed guanosines, and when NC binds to SL3, the two
in the tetraloop are bound by the two zinc knuckles of a zinc knuckles bind tightly and specifically to the exposed
single NC protein$4). In both cases, the binding of exposed guanosine nucleobases of the tetraloop. However, when the
guanosine bases to the N-terminal zinc knuckle leads toconcentration of NC exceeds that of RNA, thé NMR
dramatic upfield chemical shifts of the Phel6 and lle24 signals of the RNA become broadened in a manner similar
proton signals, with the lle24 CH3ignal shifting to ca. to that observed in the present study (unpublished results).
0.1 ppm. Addition of NC to the-{) PBS DNA oligonucle- Thus, NC appears to also be capable of destabilizing the SL3
otide results in a similar 0.1 ppm signal, which strongly structure once the high-affinity binding site has been
suggests that the N-terminal zinc knuckle of NC interacts saturated and the NC:SL3 ratio exceeds 1:1.
with one or more guanosines upon complex formation. The present studies have demonstrated that the 18-
At least two binding models that involve interactions nucleotide ) PBS DNA forms a hairpin structure that
between the N-terminal zinc knuckle of NC and guanosine contains a structured pentaloop and a bulged Thy2 nucleotide
nucleobases could explain the observed destabilization of thein the stem. The stem is relatively stable, with a thermal
hairpin structure. In one model, the NC protein initially binds melting temperature of approximately 42. Addition of
the single guanosine (Gua7) in the pentaloop. The exocyclic substoichiometric amounts of NC results in a destabilization
ring of this guanosine is solvent exposed in a similar manner of the structure, as evidenced by significant broadening and
as seen for the guanosines in the loop of the unbound SL3reductions in NMR signal intensities of the Watsa@rick
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base-paired imino protons. The studies suggest that inefficient 20. Whitcomb, J. M., and Hughes, S. H. (1992)nu. Re. Cell
annealing in the absence of N&X 79) is due to the presence
of a stable {) PBS DNA internal hairpin and that NC
facilitates annealing with theH) PBS sequence inH)
SSDNA by destabilizing the hairpin structure. Although high-

resolution structural studies of the complexes formed upon

titration of the () PBS DNA oligonucleotide with NC were

precluded by fast-exchange binding that probably involves
multiple species, future structural studies of complexes with
mutant DNA sequences may allow the testing of the possible

Biol. 8, 275-306.
21. Darlix, J.-L., Vincent, C., Gabus, H., de Rocquigny, H., and
Roques, B. (1993F. R. Acad. Sci. 361763-771.
22. Allain, B., Lapadat-Tapolsky, M., Berlioz, C., and Darlix, J.-
L. (1994) EMBO J. 13 973-981.
23. Peliska, J. A., Balasubramanian, S., Giedroc, D. P., and
Benkovic, S. J. (1994Biochemistry 331381713823.
4.You, J. C., and McHenry, C. S. (1993) Biol. Chem. 269
31491-31495.
25. Guo, J., Henderson, L. E., Bess, J., Kane, B., and Levin, J. G.
(1997)J. Virol. 71, 5178-5188.

N

mechanisms of NC-dependent chaperone and strand transferag, kim, J. K., Palaniappan, C., Wu, W., Fay, P. J., and Bambara,
activities.
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